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The properties and performance of lead-free solder alloys such as ﬂuidity and wettability are
deﬁned by the alloy composition and solidiﬁcation microstructure. Rapid solidiﬁcation of
metallic alloys is known to result in reﬁned microstructures with reduced microsegregation
and improved mechanical properties of the ﬁnal products as compared to normal castings.
The  rapidly solidiﬁed Sn-based solders by melt spinning were shown to be suitable for sol-
dering with low temperature and short soldering duration. In the present study, rapidly
solidiﬁed Sn–0.7 wt.%Cu droplets generated by impulse atomization (IA) were achieved as
well as directional solidiﬁcation under transient conditions at lower cooling rate. This paper
reports on a comparative study of the rapidly solidiﬁed and the directionally solidiﬁed sam-
ples.  Different but complementary characterization techniques were used to fully analyze
the solidiﬁcation microstructures of the samples obtained under the two cooling regimes.
These include X-ray diffractometry (XRD) and scanning electron microscopy (SEM). In order
to  compare the tensile strength and elongation to fracture of the directionally solidiﬁed ingot
and strip castings with the atomized droplet, compaction and extrusion of the latter were
carried out. It was shown that more balanced and superior tensile mechanical properties are
available for the hot extruded samples from compacted as-atomized Sn–0.7 wt.%Cu droplets.
Further, elongation-to-fracture was 2–3× higher than that obtained for the directionally
solidiﬁed samples.© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
straints in the usage of leaded soldering alloys is due to its1.  IntroductionSn–Pb alloys have been replaced by alternative alloys in the
last few years due to the imposed restrictions concerning
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the use of lead (Pb) in industrial processes [1]. Such con-gs of the Pan American Materials Conference, São Paulo, Brazil,
inherent toxicity to human health and negative impacts on
the environment. Nevertheless, the main alternative options
such as Sn–Cu, Sn–Zn, Sn–Ag have proved to be inappropriate
tion. Published by Elsevier Editora Ltda. All rights reserved.
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Fig. 1 – SE-SEM images of the as-atomized Sn–0.7 wt.%Cu alloy droplets of (a) low magniﬁcation image, size range
212–250 m and (b) a higher magniﬁcation image, size range 125–150 m.
Fig. 2 – Sequences of the compaction process: (a) parts of the cylindrical cavity to accommodate the atomized Sn–0.7 wt.%
Cu droplets; (b) droplets under 2000 kg load during the compaction operation and (c) the resultant cylindrical shape
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egarding to at least one of the main features stressed as
ssential to the formation of a solder joint. For example,
he intermetallic compounds (IMCs) must be reﬁned and
omogeneously distributed within the -Sn matrix. Thus,
or the new solder alloys to become more  reliable, asso-
iated new routes of processing may be required. As a
onsequence, some characteristics of the alloys may be mod-
ﬁed.
ig. 3 – (a) Channeled half-cylinders to extrude the compacted sa
he mounted assembly placed under a load during extrusion and
0:1; extrusion rate = 5 mm/min.Recent literature [2,3] indicates that one way of improv-
ing the properties of the solder is the judicious selection and
innovation of the processing techniques. Powder metallurgy is
one of the alternatives to produce high performance materi-
als with reﬁned microstructures. Alam and Gupta [4] pointed
that higher density and better microstructural properties can
be obtained by extruding Sn–Cu samples at high temperature.
Moreover, rapid solidiﬁcation of metallic alloys is known to
mple through a die located at the narrow bottom end; (b)
 (c) the extruded rod coming out of the die. Reduction ratio:
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Fig. 4 – SEM (BSE) images at different magniﬁcations showing microstructures of a Sn–0.7 wt.%Cu alloy droplet with average
size of 137.5 m:  (a) global view of the droplet cross-section and (b) a magniﬁed view of the cross-section.
120 μm 120 μm 120 μm
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Fig. 5 – Typical (DS) as-cast microstructures of Sn–0.7 wt.%Cu alloy along the casting length showing the size variation of the
/moleutectic cells as a function of the distance (P) from the metal
result in reﬁned microstructures with reduced microsegrega-
tion and improved mechanical properties of the ﬁnal products
as compared to normal as-cast components [5,6]. Jing and co-
authors [7] found that very ﬁne netlike dendritic structure with
Zn distributed in a granular form is possible to be obtained in
the solder Sn–9Zn alloy foil with a cooling rate in the order of
106 K/s.
Typical cooling rates during reﬂow procedures for solders
in industrial practice remain in the range of 3.0–10.0 K/s [8,9].
50 μm
a b
Fig. 6 – SEM (BSE) images showing (a) the resultant two alternate
interface between them.d interface: (a) P = 30 mm,  (b) P = 45 mm and (c) P = 80 mm.
Directional solidiﬁcation (DS) experiments allow the same
order of magnitude of cooling rates to be obtained. Final
microstructure is a direct consequence of this solidiﬁcation
thermal parameter. DS results have a correspondence with
the standard procedures that are used in industry. Much
higher cooling rates are experienced by rapidly solidiﬁed
alloys with uniform chemical composition and lower melting
points [5], leading to improved performance of joining due to
reﬁned microstructure. Little attention has been given to the
10 μm
d sizes of eutectics and (b) highly magniﬁed detail of the
j m a t e r r e s t e c h n o l .
Table 1 – Summary of the cooling rates corresponding to
the average size of each investigated droplet.
Droplets size range (m) Cooling rate (K s−1)
125–150 123.0
180–212 91.0
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sample of 18 mm in height and 7.6 mm diameter was then put250–300 25.0
icrostructural changes and reliability of the rapidly solidiﬁed
nd extruded Sn–0.7Cu solder alloy.
The rapidly solidiﬁed lead-free solders are assumed to pro-
itiate lower melting point, narrower melting interval, better
ettability and improved mechanical performance because
f the ﬁne, uniform and small segregation microstructure
ompared with the as-cast lead-free solders [10]. Features
uch as high melting rate, low soldering temperature and
hort time are highly desirable concerning real processing
onditions, even though rapidly solidiﬁed microstructure will
e affected during resolidiﬁcation step within the solder
oint.
Jing et al. [7] stated that when rapidly solidiﬁed Sn–9Zn
lloy was used in soldering, the formation of the massive
ntermetallic particles at the interface of solder/Cu joints was
igniﬁcantly depressed in comparison with as-cast solder. The
icrostructure of the joint exhibited ﬁner, more  uniform mor-
hology, and the mechanical properties of the solder/Cu joint
ere improved. Ma  and co-authors [11] found that the rapidly
olidiﬁed Sn–3.5Ag solder may exhibit better wettability. Also,
he melting rate is higher for the rapidly solidiﬁed Sn–3.5Ag
older.
The main purpose of this work is to study the inﬂuence
f both atomization and extrusion processes on the ﬁnal
icrostructures of the Sn–0.7Cu alloy so that a comparison
ould be made with directionally solidiﬁed specimens. The
esults corresponding to the two cooling regimes include X-ray
iffractometry (XRD), optical microscopy, scanning electron
icroscopy (SEM) and mechanical tensile tests. An attempt
s made in order to correlate the effects of the droplet size
nd of the extrusion temperature on the microstructural evo-
ution.
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he Sn–0.7 wt.%Cu. Open circles refer to the (DS) as-cast
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2.  Experimental  procedure
2.1.  Impulse  atomization
Sn–0.7 wt.%Cu alloy (350 g) was prepared at the Advance Mate-
rials Processing Laboratory (AMPL) of the University of Alberta.
Appropriate weights of commercial Sn shots (99.8% purity)
and Cu shots (99.9% purity) were mixed in a clay-graphite
crucible and heated to 1200 ◦C in an induction furnace. The
molten alloy was then stabilized for 30 min  to allow a com-
plete mixing of the alloy and then cooled to 500 ◦C before
being transformed into spherical droplets that rapidly solid-
iﬁed by impulse atomization (IA) under Argon atmosphere.
The droplets were then collected in an oil ﬁlled beaker before
being washed, dried and sieved into different sizes. Droplet
sizes varying from 125 m to 1000 m were obtained using
nozzle size of 50 m.  Fig. 1 shows an example of the droplets
morphology investigated in this work. Three size ranges
were examined in the present investigation: 125–150 m,
180–212 m and 250–300 m.
2.2.  Droplets  compaction  and  extrusion
Single punch compaction of the droplets was performed at
room temperature under normal atmosphere using a load
of approximately 2000 kg. Sets of droplets with sizes ranging
from 125–150 m and 250–300 m were introduced in a hollow
cylindrical geometry and sandwiched by two  T-shape cylin-
ders (Fig. 2a). The assembly was then placed under the 2000 kg
load as shown in Fig. 2b. As a result of the compressing of the
droplets, a compacted solid (Fig. 2c) was obtained through the
cylindrical die. The reduction was estimated to be 60% of the
initial volume of the droplets ﬁlled cylinder.
After compaction, the samples were extruded at room tem-
perature as well as at 150 ◦C. The extrusion process described
in Fig. 3, consisted in sandwiching a sample in a hollow cylin-
drical geometry made of two half cylinders with a die placed
at the bottom (Fig. 3a). The assembly including a compactedunder a load (Fig. 3b). Then, at a rate of 5 mm/min  the sample
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Fig. 8 – XRD patterns of impulse atomized (IA) droplets and
of the directionally solidiﬁed Sn–0.7 wt.%Cu alloy [14].
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Fig. 9 – DSC heating curves of the three samples heated at (a) 10 K min−1; (b) 20 K min−1.
Table 2 – Summary of the results obtained from DSC heating curves of the Sn–0.7 wt.%Cu alloy samples referring to DS
and as-atomized conditions.
Heating (K min−1) 125–150 (m) 250–300 (m) As-cast (DS)
Ti Tf T Ti Tf T Ti Tf T
10 226 233 7 226 
20 226 238 12 226 
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Sn-0.7Cu - 250-300μm - hot extruded
Sn-0.7Cu - 250-300μm - cold extruded
Sn-0.7Cu - 125-150μm - hot extruded
Sn-0.7Cu - 125-150μm - cold extruded
Fig. 10 – Stress–strain curves of the hot and cold extruded
samples (extrusion rate 10:1 and v = 5 mm/min) obtained
with the Sn–0.7 wt.%Cu alloy.
microstructures present eutectic cells in which the Cu6Sn5
intermetallic compounds (IMCs) can be seen (see Figs. 4 and 5).was extruded through the dye into a rod of 150 mm long and
of 2.5 mm diameter (Fig. 3c), yielding a reduction ratio of 10:1.
2.3.  Directional  solidiﬁcation
The setup from the Federal University of São Carlos in Brazil
(DEMa-UFSCar) was used for directional solidiﬁcation (DS)
casting. It imposes a directional extraction of heat through a
water-cooled bottom made of carbon steel (SAE 1020), promot-
ing vertical upward directional solidiﬁcation. The (DS) casting
description is detailed in previous studies [12,13]. The same233 7 226 233 7
238 12 227 238 11
Sn–0.7 wt.%Cu melt material used for atomization was direc-
tionally solidiﬁed.
2.4.  Microstructure  and  mechanical  characterization  of
the samples
Selected samples obtained through compaction, extrusion
and directional solidiﬁcation of the Sn–0.7 wt.%Cu alloy were
polished and etched (solution of 92% (vol.) CH3OH, 5% (vol.)
HNO3 and 3% (vol.) HCl) for metallography. Deep etching
procedures were performed up to 3 min, which was enough
to partially dissolve the -Sn matrix. An optical image
processing system was used to acquire the images. Fur-
thermore, microstructural characterization was performed
using a Field Emission Gun–Scanning Electron Microscope
(SEM) Philips (XL30 FEG). Tensile testing on the as-extruded
Sn–0.7 wt.%Cu alloy samples was performed according to
speciﬁcations of ASTM Standard E 8M/04 and tested in a
Instron 5500R machine at a strain rate of about 3 × 10−4 s−1.
X-ray diffraction (XRD) patterns were obtained with a 2-theta
range from 20◦ to 90◦, Cu-K radiation with a wavelength, ,
of 0.15406 nm.
3.  Results  and  discussion
3.1.  Effects  of  rapid  solidiﬁcation  on  Sn–0.7  wt.%Cu
microstructures
A comparison between the as-atomized droplets and a (DS)
as-cast ingot shows that both the atomized and as-castThe atomized droplets, however, depict two eutectic
structures with different morphologies, mean interphase
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Table 3 – Summary of the tensile strength results for the extruded samples.
Extruded sample size range (m) Extrusion temperature (◦C) Ultimate tensile strength – u (MPa) Elongation to fracture – ı (%)
125–150 150 28.4 36.0
250–300 27.0 28.6
125–150 Room 35.1 7.0
250–300 Temperature 37.0 20.5
DS – as-castb 21.0–26.0a 10.5–14.6a
 sam
s
l
a
s
u
w
t
[
F
ca The range of values for the different positions along the DS as-cast
b The DS as-cast sample was not extruded.
pacing and ﬁbers size (Fig. 6a). It seems that one, a lamel-
ar eutectic structure, develops from a nucleation site and
nother one a degenerate eutectic (ﬁner Cu6Sn5 IMC and
maller interphase spacing) as magniﬁed in Fig. 6b. This
nusual observation was also reported by Drevet and co-
orkers [14]. The degenerate morphology is likely due to
he Pb impurity (0.017 wt.%) in the commercial feedstock
15].
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ig. 11 – SEM (BSE) microstructures of the Sn–0.7 wt.%Cu alloy dr
oncerning hot extruded and (b and d) cold extruded specimens.ples [16].
Eutectic cells spacing variation with cooling rate was ana-
lyzed for as-atomized droplets and compared with results
obtained for (DS) as-cast samples. Cooling rates correspond-
ing to the investigated droplet sizes have been estimated
˙ −nusing the relationship: c = AT established between the
cell spacing and the cooling rate (T˙) for the (DS) as-cast
sample. A and n which are alloy-dependent parameters are
found to be 62 and 0.55, respectively [16]. Table 1 gives a
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Fig. 12 – SEM (BSE) microstructures of the Sn–0.7 wt.%Cu alloy droplet with size of 125–150 m showing (a and c) features
ensconcerning hot extruded and (b and d) cold extruded specim
summary of the cooling rates corresponding to the average
size of each droplet under investigation. As expected, it was
found that the smaller the droplet the higher the cooling
rate.
Fig. 7 shows results of eutectic cells spacing variation with
cooling rate respectively for three average droplet sizes and
the (DS) as-cast sample from different positions along the
vertical length of the sample. The results show that cooling
rates obtained by impulse atomization are 10 times higher
than the ones corresponding to the directionally solidiﬁed
Sn–0.7 wt.%Cu alloy sample while the cell spacing values are
roughly 10 times lower.
3.2.  Effects  of  rapid  solidiﬁcation  on  the  formation  of
phases
Fig. 8 shows the XRD patterns of the as-atomized droplets and
of a directionally solidiﬁed (DS) as cast sample. Analysis of.
the peaks showed evidence of two phases, which are Sn and
Cu6Sn5 in the as atomized samples as well as the (DS) as-cast
ones. Therefore, if there is any metastable phases that have
formed within the investigated range of cooling rate, it could
not be detected by XRD.
3.3.  Effects  of  rapid  solidiﬁcation  on  the  melting
temperature
Fig. 9 shows DSC heating curves for two different heating rates
(10 K min−1 and 20 K min−1) of the as-atomized droplets as
well as the (DS) as-cast samples. For these DSC experiments,
approximately 40 mg  of each sample were used in an alumina
crucible.It can be seen from Fig. 9 that the melting starts at the
same temperatures (226 ◦C) for almost all samples at both
heating rates excepting in the case of the as-cast (DS) sam-
ple at 20 K min−1 in which a slightly higher temperature
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vig. 13 – Detailing SEM images (20,000× of magniﬁcation) of
amples: hot extruded droplets with size of (a) 125–150 m a
s needed in order to start melting. However, the melting
nterval is larger for the samples heated at a faster rate
20 K min−1). And, the melting temperature, corresponding
o the peak of the heating curves, was found to be a little
igher (∼1 ◦C) for the higher heating rate curves. The mea-
ured melting temperatures intervals (Ti: start and Tf: end)
nd the melting interval T are tabulated below for the two
ifferent heating rates (Table 2). Thus, the melting inter-
al and the melting point are heating rate dependent due
o the thermal resistance of the material and that between
he material and the alumina crucible [17]. Further, melt-
ng temperature beginning (Ti) has been slightly decreased in
he case of the as-atomized Sn–0.7 wt.%Cu alloy droplets at
0 K min−1.
.4.  Effect  of  rapid  solidiﬁcation  on  extruded
icrostructure  and  tensile  properties
ensile tests were carried out on extruded samples from com-
acted droplets of different sizes (different cooling rates) at
oom temperature (so-named cold) as well as heated at 150 ◦C
so-named hot) and also on the (DS) as-cast sample [16].
 stress–strain curve is plotted for each extruded sample,
ltimate tensile stress (u) as well as elongation to fracture
ercentage (ı) were determined (Fig. 10). A summary of the
esults is given in Table 3.
A lower value of around 7% corresponding to the total
longation of the cold extruded sample with 125–150 m was
btained probably due to the presence of ﬁssures observed all
long the examined cross section which anticipated a com-
lete fracture. Such feature has not been observed in the other
hree tested specimens.Typical SEM microstructures of the as-extruded
n–0.7 wt.%Cu alloy are depicted in Figs. 11 and 12 in
ifferent magniﬁcations. As it can be seen in Figs 11 and 12, a
ery low porosity level was obtained. Also, for any examinedCu6Sn5 IMCs found in the ax-extruded Sn–0.7 wt.%Cu
b) 250–300 m.
droplet size the cold extruded resultant microstructure is
characterized by ﬁner grains if compared Figs. 11a, b and 12a, b
(low magniﬁcation). In general, extrusion procedure has pro-
moted a deep change on the microstructure features since
eutectic cells were not identiﬁed after such processing. How-
ever, microstructures corresponding with the cold extruded
samples seem to preserve some characteristics as devel-
oped during atomization such as a dendritic morphology
of the Cu6Sn5 IMC  (see Fig. 12d) and well distributed IMC
particles (Fig. 11d) despite being spheroidal in this case.
Finer grains seem to be responsible by the higher strength
observed for the extruded samples at room temperature.
Also, spheroidal (250–300 m in droplet size) and dendritic
(125–150 m in droplet size) morphologies of the IMCs
may contribute to these results concerning mechanical
strength.
On the other hand, the extruded samples at 150 ◦C
(Figs. 11c and 12c) are characterized by distinct forms and dis-
tributions of the IMCs within the Sn-rich matrix. As pointed
by the arrows clustering of rods or very ﬁne alveolar group-
ings can be observed. Such features corresponding with
Sn–0.7 wt.%Cu alloy samples provide a more  balanced set of
tensile parameters (u and ı) as can be seen by the solid lines
in Fig. 10. Furthermore, elongation to fracture percent is higher
for samples extruded at a temperature of 150 ◦C as compared
to the ones extruded at room temperature.
A previous study on directional solidiﬁcation of the
Sn–0.7 wt.%Cu solder alloy has shown that the average inter-
phase spacing varied from 0.6 to 3.0 m along the examined
casting length [18]. It was measured between the ﬁber-
like Cu6Sn5 particles. As can be seen in Fig. 13 smaller
arrangements of this IMC were found on the as-extruded spec-
imens. Essentially due to that the ultimate tensile strengths
of the extruded samples from compacted as-atomized
Sn–0.7 wt.%Cu droplets are higher than those of the DS as-
cast samples. The plastic deformation amount was highly
increased in the case of the hot-extruded samples (see Fig. 10).
 h n o 
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4.  Conclusions
Microstructures of IA droplets of different sizes as well as (DS)
as-cast Sn–0.7 wt.%Cu samples were analyzed using SEM, DSC
and XRD. The following conclusions can be drawn from the
present results:
- The eutectic cell sizes are found to be reduced by a fac-
tor of 10 when samples are produced by rapid solidiﬁcation
induced IA. The as-atomized samples were successfully
compacted at room temperature then extruded at room
temperature as well as at 150 ◦C. The microstructure analy-
sis allowed to estimate the cooling rates experienced by the
droplets from 25.0 to 123.0 K/s.
- Cold extruded Sn–0.7 wt.%Cu alloy samples exhibit supe-
rior tensile properties as compared to hot extruded ones.
However, hot extruded samples permitted a more  balanced
set of tensile parameters to be obtained, highly increasing
elongation-to-fracture values.
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